A method is proposed for the subsystem identification of a composite system composing a lightweight low-frequency civil engineering structure and a human occupant. It is shown for the first time that the dynamics of the structure and the stiffness and damping of the human occupant can be determined from the frequency response functions of the composite system and the known mass of the human occupant. The advantage of the proposed approach over existing methods is not only in the simplicity of problem formulation but also in the substantial reduction of experimental complexity. Subsystem identification is demonstrated using a numerical example and two experimental case studies. In the first experimental case study, the method is applied to a laboratory bridge with a human occupant in a standing posture and frequency response functions are measured using shaker testing. In the second case study, the method is applied to a laboratory bridge with a hammer operator crouching on the bridge to perform impact hammer tests. It is demonstrated that subsystem dynamics can be accurately identified. The method is especially applicable to the correction of the effect of the hammer operator in manually operated impact hammer testing. In addition, the method can be generalised for the compenstation of the effects of the electrodynamic shaker in shaker testing for civil engineering applications.
Introduction
Human-structure interaction is a well-recognised phenomenon which involves the interplay of the dynamics of the two subsystems in human-structure systems, i.e. the human occupant(s) and the structure supporting the human occupant(s). This mechanism can lead to various modifications of the dynamic properties of the structure, including the increase [1, 2] or decrease [1] [2] [3] [4] of natural frequencies, increase [1] [2] [3] [4] or decrease [2] of damping ratios, and even the appearance of new modes [1, 2] . The actual change of dynamic properties and the extent of human-structure interaction are dependent upon the mass, damping and frequency ratios between the occupant(s) and the structure [2, 5] .
The effect of human-structure interaction has become of major importance in vibration serviceability design of lightweight and slender structures in the last two decades [1, [6] [7] [8] [9] . In structural design applications, the dynamics of the human body are commonly represented by a single degree of freedom (SDOF) mass-spring-damper model [10] [11] [12] [13] [14] [15] [16] [17] [18] the human body in line with some previous studies [3, 10, 18, [28] [29] [30] [31] . Therefore, the presence of the human occupant introduces an additional DOF, denoted as the n þ 1 ð Þ -th DOF. Without loss of generality, it is assumed that the human occupant is located at the p-th DOF (p n) of the structure. The stiffness and damping elements of the human body are connecting the p-th and n þ 1 ð Þ -th DOFs and the mass of the human body is considered to be concentrated at the n þ 1 ð Þ -th DOF. Wei and Živanović [18] showed that the direct receptance at the p-th DOF of the empty structure h 
2.2. Identification of a pair of eigenvalues of the empty structure
The denominator of Eqs. (1) or (2) generates the characteristic equation
where l i is the i-th eigenvalue corresponding the i-th mode of the empty structure.
Similarly, if the human occupant is located at the q-th DOF of the structure, then 
Since the eigenvalues of an actual underdamped stable structure are complex,
Therefore, Eq. (5) is equivalent to
which indicates that the eigenvalues of the empty structure are zeros of the rational function
However, Dh qp s ð Þ generally has additional zeros that are not related to the dynamics of the empty structure. The selection of correct eigenvalues for the empty structure requires additional checks.
Due to relatively small changes of the human-structure system properties compared to the properties of the empty structure, the eigenvalues of any particular mode of the empty structure will be close to those of the corresponding mode of the human-structure system. Let us assume that the i -th pair of complex conjugate eigenvalues l i , respectively, when solving Eq. (8) by using algorithms for solving nonlinear equations, e.g. the trust region algorithm [32] . In the frequency range around the i-th mode dominated by the structural motion of the human-structure system, the 
leading to the estimate of the damping and stiffness of the human from Eq. (11) 
Note that the same human body dynamics will be identified if any other direct receptance (e.g. h sh;or h sh;r rr ) of the humanstructure system is used in Eq. (9) because they are equal to each other at the eigenvalues of the empty structure.
Identification of the dynamics of the empty structure
The direct and cross receptances of the empty structure can be calculated using Eqs. (1) and (2), the human body dynamics and the direct and cross receptances of the human-structure system. The frequencies and damping ratios can then be obtained by solving the characteristic equation of the receptances of the empty structure. Since the human body dynamics can be identified from measured direct receptances of the human-structure system, the dynamics of the empty structure can be obtained entirely from measured direct and cross receptances of the human-structure system.
Numerical example
A numerical example was conducted based on an actual glass fibre reinforced polymer simply supported bridge [25] . A schematic of the bridge is shown in Fig. 1 m h ¼ 62 kg, natural frequency f h ¼ 5:0 Hz and damping ratio f h ¼ 37:0%, corresponding to the human model for standing posture specified in ISO 5982 [33] , is assumed to stand on the bridge. The bridge systems with the human occupant located at points 1, 2 and 3 are designated as the systems SH1, SH2 and SH3, respectively. A two-dimensional finite element (FE) model of the bridge was developed using an improved two-node Timoshenko beam finite element [34] . The FE model consisted of 120 elements of equal length. Proportional damping C ¼ aM þ bK (a ¼ b ¼ 0:0008) was assumed. Similarly, the FE models of the systems SH1, SH2 and SH3 were constructed. The four FE models were first used for eigenvalue analysis, which generated the modal parameters of the corresponding actual systems. The natural frequencies and damping ratios of the first mode dominated by structural motion are summarised in Table 1 . It is shown that while the relative differences of frequencies of the systems SH1, SH2 and SH3 with respect to the fundamental frequency of the empty bridge are À5.4%, À3.3% and À0.4%, respectively, the counterparts of the damping ratios are 392%, 267% and 33%, respectively. It can be seen that the presence of the human occupant can significantly modify the dynamics of the empty bridge and its effect depends upon the human occupant location.
Based on the FE model, the time-domain responses were numerically calculated for the empty bridge driven by a linear chirp excitation force (having magnitude 100 N and sweeping from 1 Hz to 10 Hz) at point 1 for 112 s (s) and then left to return to rest over the next 8 s. 33 s ð Þ play the role of known (usually by measurement) FRFs of the systems SH1, SH2 and SH3. These three actual receptances (abbreviated to 'Act' in Fig. 2 ) are depicted by the thick solid line, thin dash-dotted line and thick dashed line in Fig. 2 , respectively. They exhibit different peak frequencies due to the presence of the human occupant at different locations.
The following demonstrates how to identify the subsystem dynamics from the known receptances h 11 s ð Þ was curve fitted in the frequency range from 3 Hz to 7 Hz using the rational fraction polynomial method [35] , which resulted in an analytical expression (12) is improper and cannot be state-space realisable. Extra numerator polynomial terms in Eq. (12) are used for the compensation of the residual effects of out-of-band modes such that a good fit is achieved. More information about the use of this technique in modal parameter identification applications can be found elsewhere [35] . Its characteristic equation generated the eigenvalue pair l ð Þ, which confirms l s 1;2 were the eigenvalues of the empty structure. The corresponding natural frequency and damping ratio were then calculated to be 4.85 Hz and 1.2%, which agree with the actual modal parameters of the empty bridge given in Table 1 In addition, the initial guesses for the solultions to Eq. (13) can be predicted graphically. Fig. 3 shows the contour map of the magnitude of Dh 13 s ð Þ against frequency and damping ratio, which indicates that values around 4.85 Hz and 1.2% are good initial guesses for the frequency and damping ratio of the empty structure, respectively, around which Dh 13 s ð Þ is at its minimum. Note that such a contour map is suggested to be plotted around the eigenvalues of the human-structure system since the eigenvalues of any particular mode of the empty structure will be close to those of the corresponding mode of the human-structure system. 
The corresponding frequency and damping ratio of the human body were then calculated as f h ¼ 5:0 Hz and f h ¼ 37:0%, which are exactly the properties of the actual human occupant stated at the outset.
The direct receptance at point 1 of the empty bridge was then synthesised using Eq. (1), denoted as Syn h s 11 s ð Þ and shown by the thick dashed curve in Fig. 4 . The synthesised receptance is in good agreement with its actual counterpart (abbreviated to 'Act' and depicted by the thin solid curve in Fig. 4) . By solving the characteristic equation for Syn h s 11 s ð Þ the fundamental frequency and damping ratio of the empty bridge were found to be 4.85 Hz and 1.2%, which agree with the actual counterparts of the empty bridge. Similarly, the receptances h s 22 s ð Þ and h s 33 s ð Þ of the empty structure were also obtained. The three direct receptances of the empty structure exhibited the same peak frequency after the elimination of the effect of the human occupant.
Experimental case studies
This section presents two experiments for verifying the theory of subsystem identification. The first experiment aims to identify the dynamics of the subsystems of a steel-concrete composite bridge with a human occupant in a standing posture. In this experiment, FRFs were measured by using shaker testing. The second experiment demonstrates how to eliminate the effect of the hammer operator in manually operated impact hammer testing performed on the same bridge. The experiments were approved by the Biomedical and Scientific Research Ethics Committee at the University of Warwick.
Subsystem identification using measured FRFs from shaker testing
A steel-concrete composite bridge situated in the Structures Laboratory at the University of Warwick (Fig. 5 ) with a human occupant in a standing posture was considered for subsystem identification. The bridge is 19.9 m long and 2 m wide and sits on two meccano frames with 1.78 m overhang at each end. The bridge and the human occupant weigh 16,500 kg and 100 kg, respectively.
Shaker testing
The accelerances of the empty bridge and the human-bridge system were measured using shaker testing. The test points (TPs) are shown in Fig. 6 . An electrodynamic shaker of mass 105.5 kg (Model APS 400), as shown in Fig. 5 , was placed sequentially at TPs 1, 2 and 3 on the deck to excite the bridge. The generated force was indirectly measured using an accelerometer (Honeywell QA750, nominal sensitivity 1300 mV/g) attached to the moving armature. Another three accelerometers of the same type were placed at TPs 1, 2 and 3 to measure the vibration responses of the unoccupied bridge and the human-bridge systems in the vertical direction. The data acquisition system consisted of a laptop, a 16-channel data logger (SignalCalc Mobilyser by Data Physics), a signal conditioner and a power amplifier (Model APS 145). A chirp excitation force in the frequency range 1-9 Hz was applied to the structure for 64 s. A data acquisition window was set to 128 s. The sampling frequency was 512 Hz. Four averages were used to minimise the effects of noise. No window was used since the vibration responses returned to the ambient vibration level at the end of the acquisition window. The typical standing posture of the human is shown in Fig. 7 .
The bridge systems with the exciter (shaker) located at TPs 1, 2 and 3 are designated as the systems SE1, SE2 and SE3, respectively. The bridge systems with the human occupant and the shaker at TPs 1, 2 and 3 are designated as the systems SHE1, SHE2 and SHE3, respectively. The bridge systems with the human occupant at TPs 1, 2 and 3 are designated as the systems SH1, SH2 and SH3, respectively.
The systems SE1, SE2, SE3, SHE1, SHE2 and SHE3 were excited at three different force levels. The maximum accelerations at TP1 of SE1, TP2 of SE2 and TP3 of SE3 ranged from 0. 30 damping ratios of SE1 showed negligible variation with the response level. The same conclusion was drawn for SE2, SE3, SHE1, SHE2 and SHE3. These findings suggest that the systems SE1, SE2, SE3, SHE1, SHE2 and SHE3 exhibited linear behaviour in the observed amplitude range. Therefore, it is reasonable to assume that the human body exhibited linear behaviour during the testing as well. The force level when excited at TP2 of SHE2 chosen for presentation in this paper is shown in Fig. 8 whilst the corresponding vibration response at TP2 is shown in Fig. 9 . Figs. 10 and 11 show that the presence of the shaker on the deck slightly modifies the dynamics of the bridge under test, i.e. it shifts the natural frequency and affects the reciprocity check. Therefore, the effect of the shaker should be first eliminated from the measured accelerences shown in Fig. 12 before they are used to identify the dynamics of the human body and the empty bridge.
The elimination of the effect of the electrodynamic shaker
The electrodynamic shaker concentrates the majority of its mass on its base (79 kg), while the moving mass is only 26.5 kg. In this research, the shaker is modelled as a mass block of 105.5 kg. By using Eqs. (21) and (22) from Appendix A, the effect of the shaker on the measured accelerences of the empty bridge can be eliminated. Fig. 13 shows the corrected cross accelerances h s a;31 (thin solid curve) and h s a;13 (thick dashed curve) of the empty bridge, which indicate that the principle of reciprocity is now satisfied. In addition, the natural frequency and damping ratio identified from the corrected accelerances of the empty bridge agree well with the measured counterparts from impact hammer testing in which the hammer operator stood next to the bridge.
Similarly, the effect of the shaker embedded in the measured accelerances h she;1 a;11 , h she;2 a;22 , h she;3 a;33 , h she;1 a;31 and h she;3 a;13 can be eliminated. For instance, the measured accelerance of SHE1 h she;1 a;11 was first curve fitted using the rational fraction polynomial method [35] . Good agreement between the curve-fitted accelerance (thick dashed curve) and its measured counterpart (thin solid curve) is demonstrated in Fig. 14 . The analytical expression of the curve-fitted accelerance is h she;1 (a) (b) 
(b) (a) Fig. 15 , in which the peak shift was induced by the presence of the human occupant at different locations only.
The identification of the dynamics of the human body and the empty structure
A pair of eigenvalues of the human-bridge system SH1 may be obtained as l were the eigenvalues of the empty bridge. The corresponding frequency and damping ratio were calculated to be 2.42 Hz and 0.23%, which agree well with the measured counterparts from impact hammer testing in which the hammer operator stood next to the bridge. from which the corresponding frequency and damping ratio were calculated to be f h ¼ 4:27 Hz and f h ¼ 33%, respectively. These results are in the ranges of natural frequency and damping ratio for a human body in a standing posture availabe in the literature [20] . exhibit the same frequency. Fig. 18 implies that the principle of structural reciprocity is satisfied. In addition, the accelerances obtained by eliminating the effect of the shaker from the measured accelerances of the bridge with the shaker agree well with those obtained by eliminating the effects of the shaker and human occupant from the measured accelerances of the bridge with the human occupant and shaker. These suggest that the effects of the human occupant and shaker have been eliminated correctly.
The elimination of the effect of hammer operator in manually operated impact hammer testing
The same steel-concrete composite bridge used in Section 4.1 was considered again, but with 3.41 m overhang at each end, i.e. a span length of 13.08 m. The accelerances of the empty bridge and the hammer operator-bridge system were measured using manually operated impact hammer testing. The TPs are shown in Fig. 19. 
Manually operated impact hammer testing
To obtain the accelerances of the empty bridge, the hammer operator stood next to the bridge to impact sequentially at TPs 1, 2 and 3 on the deck using an instrumented sledge hammer (Dytran Model 5803A, sensitivity 0.231 mV/N). Three accelerometers (Honeywell QA750, nominal sensitivity 1300 mV/g) were placed at TPs 1, 2 and 3 to measure the vibration responses of the empty bridge in the vertical direction. The data acquisition system consisted of a laptop, a 16-channel data logger (SignalCalc Mobilyser by Data Physics) and a signal conditioner. The sampling frequency was chosen to be 1024 Hz and the data acquisition window was set to 64 s. Four averages were used to minimise the effects of noise. No window was used since the vibration responses returned to the ambient vibration level at the end of the acquisition window. The accelerance measurement of the hammer operator-bridge system was performed in the same way. The only difference was that the hammer operator crouched on the deck (sequentially close to at TPs 1, 2 and 3) to perform the impact hammer testing. The typical crouching posture of the hammer operator is shown in Fig. 20 . The hammer operator and the hammer weigh 62 kg and 5.5 kg, respectively. The bridge systems with the hammer operator crouching at TPs 1, 2 and 3 are designated as the systems SH1, SH2 and SH3, respectively.
The measured cross accelerances h s a;13 and h s a;31 of the empty bridge are compared in Fig. 21 . It can be seen that the reciprocity holds for the empty bridge, which indicates that the dynamic behaviour of the bridge was linear in the response range of the tests. The bridge with the hammer operator crouching at TPs 1, 2 or 3 was also found to behave linearly by using shaker testing. The response range of the shaker tests covers the range of the responses, bandpass filtered with cutoff frequencies 2 Hz and 6 Hz, of the impact hammer tests. Therefore, it is reasonable to assume that the dynamics of the hammer operator is linear during the testing. Fig. 22 shows that the cross accelerance h sh;1 a;31 of the system SH1 did not agree with the cross accelerance h sh;3 a;13 of the system SH3. This is due to the change in location of the hammer operator.
4.2.2.
The elimination of the effect of the time delay of the measurement system Fig. 21(b) and Fig. 22(b) shows that there was a phase shift at low frequencies (below 8 Hz) in the measured accelerances of the empty bridge and the hammer operator-bridge systems, indicating a time delay in the acceleration measurement compared to the impulse force measurement. By contrast, there was no time delay observed in the accelerance measurement in the shaker testing presented in Section 4.1.1. It is noted that three QA750 accelerometers were used for the response measurement in both the impact hammer testing and the shaker testing. While a load cell (an integral piezoelectric force sensor of low impedance voltage mode type) at the tip of the hammer Dytran Model 5803A was used for impulse force measurement, a QA750 accelerometer was used in the shaker testing to measure the excitation force. The time delay in the low frequency range in measured accelerances from the impact hammer testing was mainly due to the difference between the time constant of the load cell for force measurement and that of the accelerometer for response measurement [36] . In the shaker testing, these two time constants are equal, and therefore they do not affect measured accelerances [36] . Appendix B demonstrates that this time delay affects the estimation of actual accelerances of the system under test but not eigenvalues. The effect of the time delay must be corrected for accurate subsystem identification since the proposed theory for the dynamic identification of the human body (i.e. Eq. (9)) and the empty structure (i.e. Eqs. (1) and (2)) requires the estimation of actual accelerances of the human-structure system. Eq. (26) in Appendix B shows that measured accelerances should be multiplied by e ss , where s (s) is the time delay of the measurement system. For the data acquisition system used in the impact hammer testing, an averaged time delay around the first mode may be approximately estimated as 
where h (degree) is the averaged delayed phase angle and f 1 (Hz) is the natural frequency of the first mode. For example, the averaged delayed phase angle for the measured accelerance h s a;11 of the empty bridge was 19 degrees. The natural frequency was estimated to be 3.22 Hz. The time delay was calculated as 0.0164 s using Eq. (17) . The comparison of the measured accelerance h s a;11 (thin solid line) and its phase corrected counterpart (thick dashed line) is displayed in Fig. 23 . It can be seen that the phase has been corrected such that the phase angle is almost 180 degrees before the phase drop at the fundamental frequency, while there are no changes of the eigenvalues and magnitude of the FRF. In addition, it is reasonable to assume that all the measured accelerances had the same time delay since the same measurement system was used throughout the impact hammer testing.
The identification of the dynamics of the hammer operator and the empty bridge
After phase correction, the measured direct accelerance h sh;1 a;11 was curve fitted around the first mode using the rational fraction polynomial method [35] . The estimated eigenvalues were l 
where a 0 ¼ ð Þ, which confirms that l s 1;2 were the eigenvalues of the empty bridge. The corresponding natural frequency and damping ratio of the empty bridge were found to be 3.22 Hz and 0.43%, which agree with those identified from accelerances directly measured on the empty bridge.
By using the eigenvalues l (1) gives the direct accelerance at TP1 of the empty structure. Fig. 25 shows that the synthesised accelerance h s a;11 s ð Þ (thick dashed line) agrees reasonably well with the measured counterpart of the empty bridge with phase corrected (thin solid line). The comparison of the identified frequencies and damping ratios of the hammer operator-bridge systems and the empty bridge indicates that the presence of the hammer operator causes the decrease of the natural frequency of the empty bridge and the increase of the damping ratio. This also explains the difference between the phase corrected accelerance of the hammer-operator system (thin dash-dotted line) and that of the empty bridge shown in Fig. 25 . Similarly, other accelerances of the empty bridge can be synthesised by eliminating the effect of the hammer operator.
Conclusions
A novel method for subsystem identification in a human-structure system has been proposed. It enables the identification of the dynamic properties of the human body and the empty structure from measured FRFs of the human-structure system. The proposed theory is verified by a numerical example and two experimental case studies. The method is especially relevant to the elimination of the effect of the hammer operator in manually operated impact hammer testing on lightweight civil engineering structures. In addition, the method can be generalised to compensate for the effects of the shaker in shaker testing. Furthermore, the time delay between the force and response signals on the measured FRFs of the structure under test are discussed, and appropriate strategies for their correction are proposed. The proposed method, which focuses on the presence of a single human occupant on lightweight low-frequency structures (up to 8 Hz) in this paper, will be extended to the crowd-structure interaction in the future work. 
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